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HYDRAULICS APPENDIX

1.1 Introduction

Relevant to the discussion of habitat restoration, hydraulics can be defined as the laws governing the
movement of water within a channel and the forces generated by this movement. Hydraulic effects
result in erosion of channd banks and scour of the channel bed.  This gppendix describes how to
caculate shear stress (erosive forces along abank or bed) and scour depth in stream channels. Refer to
Chapter 2 for descriptions of these hydraulic parameters and their relaionship with geomorphic
processes and aquatic habitat.

Although the materia presented in this gppendix is intended to be used by engineers experienced with
hydraulics, it may be beneficid reading for anyone involved with stream restoration. Readers unfamiliar
with basic hydraulics are referred to the “ Recommended Reading” section at the end of the appendix.

1.1.1 Manning’s Equation

Manning's Equation is probably the most commonly-used formulafor basic hydraulic caculaionin
natural channels. In its most basic form, the equation relates flow velocity to hydraulic radius, hydraulic
roughness and channd dope. Using Manning's Equation in its various forms, one can determine:

average water velocity given cross-sectiona geometry, depth, dope, and roughness,
channd discharge given cross-sectiona geometry, depth, dope, and roughness,
channd roughness given cross-sectiona geometry, dope, depth, and discharge;
channel dope given cross-sectiona geometry, discharge, depth, and roughness; and
channel depth given cross-sectiona geometry, discharge, dope, and roughness.

Manning' s equation assumes steady and uniform flow. When the velocity a any given point remains
constant with respect to time, then aflow is considered steady. If flow depth does not change with
location aong the channd, then the flow is uniform. In redity, steedy and uniform flow is practicaly
nonexistent in naturd settings. Nonetheess, Manning's equation is commonly used as arddivey smple
and convenient tool for hydraulic andyss of naturd streams. It is generdly understood and accepted
that the results are gpproximate, and designers should keep thisin mind when applying its results.

Manning's Equation can be written in either velocity or discharge terms as follows:



V = (149n)( R, 2% S.*?) «y

Q = (L49/n)(A R, 2% 5.7 2)

Where:  V = average cross-sectiond velocity (ft/sec)
n = Manning's roughness vaue (dimensonless)
Q = discharge (cubic ft/sec)
S = energy dopein (ft/ft)
Ry = hydraulic radius (ft) = AIWP
Where: A = cross-sectiond areaof flow (ft?)
WP = wetted perimeter (ft)

The Manning's roughness vaue n accounts for the resstance to flow presented by the channd. Higher
n values correspond to rougher channels, such as those formed by large rock, woody debris, and rigid
vegetation, and to highly snuous channels. Lower n vaues correspond to channels with smoother
boundary materids and lower snuosity. The Manning' s roughness value aso varies with stream stage,
as boundary materials such as boulders have a higher relative roughness at low stream stage than at
higher stages.

Appropriate valuesfor n are typicaly estimated based on tables for n developed through empirica
sudy. Methods for caculating n are dso available. Guidance for determining gppropriate n vaues can
be found in most hydraulic analysis/design references including Chow (1959).

1.1.2 Continuity

The modification of Manning's equation from the form shown in equation (1) to that shown in equation
(2) is based on the fundamentd rdation:

Q=VA 3

Where: Q = discharge (cubic ft/sec)
V = average cross-sectiond veocity (ft/sec)
A = cross-sectiond area of flow (ft?)

Assuming the cross-sectiond areaof flow “A” is measured normd to the flow direction, the relation
expressed by equation (3) holds true for any cross-section on astream. If dischargeis constant
throughout a stream reach, then the flow is considered to be continuous, and the following relation is
true (Chow, 1959).

Q:V]_Al:VzAz:... (4)



Where the subscripts denote different locations within the reach (Chow, 1959)

Equation (4) is commonly known as the continuity equation. The continuity equation holds true as
long as discharge within the reach is congtant (there is no water running into or out of the reach).

1.2 Shear Stress

Shear dressis an important parameter in habitat restoration design, because al materids, whether
manufactured or natural, used for habitat restoration must be able to withstand the expected shear stress
a the design discharge. Thus, in design, dl materids and vegetation types are chosen based on the
expected shear for agiven flow (for example, the 50-year discharge) at their point of inddlation. Shear
dressistypicaly measured in units of pounds per square foot (PSF).

On any given bank, the materid and vegetation types required to resst erosion may vary with location.
Lane sdiagram, Figure H-1, shows theoretical distribution of shear stress on stream bed and banks on
adraght section of trgpezoidal channel. Based on Lane s diagram, materials and plants of greater
shear resstance are required lower on the bank, while alighter-duty trestment may be sufficient near the
top of the bank. When designing habitat restoration features that include temporary surface protection
such as biodegradable fabric, the designer must be sure that the shear resistance of both the temporary
protection (e.g., coir fabric) and the long term surface treatment (vegetation) is adequate to withstand
hydraulic forces at that location. In addition, when designing using vegetetion as the primary eroson
protection, factors such as species, Ste aspect, shade, soil type, moisture conditions, and locd climate
must al be consdered.

{Insert Figure H1. Theoretica distribution of shear stress on bed and banks.}

Typicd permissble shear stressesfor various materids are shown in Table H-1. As can be seenin the
table, the range of materias for which such informeation isavailableislimited. Often, the information
listed in Table H-1 must be extrapolated or used merely as an aid in estimating the shear resistance of
amilar plants and materias that do not appear there. In addition, there is no standardized testing
procedure that accounts for the effects of weether, repetitive inundation, and long-duration inundation.
Therefore, the valuesin Table H-1 should be gpplied using professiond judgment and considering Site
variables of the project location.

Tablel. DW'sreply
Permissible shear stresses of various materids.

Material Permissible shear stress
(psf)
Straw with net 1.4
Coir mats and fabrics Approx. 1-3 (variesby
product)
Synthetic mats Approx. 2-8 (variesby




product)

Class A vegetation 3.7
Weeping lovegrass excdlent stand, average height 30"
Y dlow Bluestem Ischaemum:  excellent sand, average
height 36"

Class B vegetation 21
Kudzu: dense or very dense growth, uncut
Bermudagrass. good stand, average height 12”
Native grass mix (long and short midwest grasses):

good stand, unmowed
Weeping lovegrass. good stand, average height 13”
Lespedeza sericear good stand, not woody, average

height 19"

Alfdfa good stand, uncut, average height 11”
Blue gamma: good stand, uncut, average height 13”

Class C vegetation 1.0
Crabgrass. fair stand, uncut (10" —48”)
Bermudagrass. good stand, mowed, average height 6
Common lespedeza: good stand, uncut, average height
117
Grass-legume mix: good stand, uncut (6" — 8")
Centipedegrass. very dense cover, average height 6”
Kentucky bluegrass. good stand (6" — 127)

Class D vegetation 0.6
Bermudagrass. good stand, cut to 2.5-inch height
Common lespedeza: excdlent stland, uncut (average
height 4.5")
Buffalo grass. good stand, uncut (3" — 67)
Grass-legume mix: good stand, uncut (4” —5")
Lespedeza sericea: very good stand cut to 2-inch height

Class E vegetation 0.4
Bermudagrass. good stand, cut to 1.5-inch height
Bermudagrass burned stubble

1-inch gravel 0.3
2-inch grave 0.7
6-inch rock riprap 2.0
12-inch rock riprap 4.0

Source:  All but “coir mats and fabrics’ and “synthetic mats’ are from USDOT, 1988.
1.2.1 Estimating Shear Stress

Shear equations presented in this gppendix alow the designer to estimate bed and bank shear in straight
stream reaches and bends. In addition, a means of estimating shear as a function of height in the water



columnis presented. 1t isassumed that persons utilizing the equations presented in this gppendix are well
versed in hydraulic andlysis and familiar with the concepts of shear and scour. It is recommended that
hydraulic analyses be aried out only by a qudified hydraulic engineer or someone with equivaent
experience.

1.2.1.1 Bed Shear Stress in a Straight Reach

Shear stressonthe bed is: tw=0S. Ry (USDOT, 1988) 5)
g = the specific weight of water = 62.4 Ibg/ft?,
Therefore: tha=624S R, (6)

Where: t bes = Maximum bed shear stressin Ib/ft? (psf)
Ry = hydraulic radius in ft. (see below)
S: = energy dopein ft/ft (see below)

S.isthe dope of the hydraulic grade line. Thisdopeisusudly smilar to the bed dope (gradient) and is
occasionaly replaced by bed dope in hand calculations. A standard and appropriate way to calculate
channd dope from a surveyed profile is to base the devation change on the eevations of the thaweg at
“zero flow” points. Zero flow points are the points in the bed that would control the pools upstream of
mgor rifflesif there were no water flowing in the channel. They are the low points at the head of riffles.
In abraided channd, or channels without defined riffles, the mean bed devation should be used. The
mean bed devation should be determined from severd closdly spaced cross-sections. The U.S. Army
Corp of Engineers hydraulic program, HEC-RAS, can output bed shear stress as well as energy dope.

R, isthe hydraulic radius, which is the cross-sectiond area of the wetted channd (A) divided by the
length of the wetted channd perimeter (P), at the design flow being considered. Thisvalueis
occasondly replaced by depth of flow, y, but this should only be done when the width of the channel
far exceeds the depth of the channd. HEC-RAS will dways correctly use A/P. Asarule of thumb,
dwaysueR, = A/P.

A common gpplication of the equation isfor maximum bed shear dressis
Maximum bed shear dressin adraight reach: t g =62.4 (S) (A/P) )
where: t bes = Maximum bed shear stressin Ib/ft? (psf)
A = cross-sectiond area of flow (ft%)

P = wetted perimeter (ft)
S. = energy dopein (ft/ft)



This caculaion gives a quantitative measure of the erosve force acting on the bed of the channdl.

1.2.1.2 Bank Shear Stress in a Straight Reach

By approximating the channd cross-section asatrapezoid or rectangle, the bed shear stresscan be used to
esimate the maximum bank shear stress. Thisstress acts gpproximately one-third of the distance up the
bank (from the bed) and can be approximated by multiplying by afactor (see Lane sDiagram, Figure H-1).
This factor varies based on channel sde dope and the ratio of bottom width to depth (Figure H-2). On
most channds, using afactor of 0.8 will provide conservative results.

This gpproximation gpplies only to ardativey sraight reach of stream.

Maximum bank shear stressin agraight reech: tpaw= 0.8tpq (USDOT, 1988)  (8)

where: t bes = Maximum bed shear stressin Ib/ft? (psf)
Note: thefactor 0.8 can be adjusted for high width/depth ratios
using Figure H-2.

Shear stress on the upper bank can be estimated usng Lane' s Diagram shown in FigureH-1. Based
on this diagram, sde shear vs. depth can be estimated using the following equation:

tx= Ctpax )
where t, = bank shear a distance X from stream bottom (psf)
t pank = Maximum bank shear stress (psf)

C = codfficient from Table H-2
y = stream depth (ft)

Table H-2. Coefficient “C” vs. depth

Distance X C C
(feet from stream bottom) (From Lanes) (Recommend
for design)

y 0.0 0.0
0.9y 0.14 0.14
0.8y 0.27 0.27
0.67y 0.41 0.41
0.6y 0.54 0.54
05y 0.68 0.68
04y 0.79 0.79

0.33y 0.8 0.8

0.2y 0.7 0.8

0.1y 0.5 0.8

0.0y 0.0 0.8




Note: Although Lan€e s shear diagram indicates zero shear at the base of the bank, for
design purposesit is recommended that the maximum bank shear, as calculated above, be
assumed to be present for the entire lower 1/3 of the bank height.

1.2.1.3 Shear Stress in Bends

Fow around bends creates secondary currents that exert higher shear forces on the channd bed and
banks than those found in straight sections. Severa techniques are available for estimating shear stress
inbends. A reatively smple and widely used method, presented by USDOT (1988), estimates
maximum shear stress on channel banks and bed in bends (this equation does not differentiate between
bank and bed shear stress).

The maximum bed/bank shear fressin abendis;
t pend = Kp t s (USDOT, 1988) (20

where: t bens = Maximum shear stress on bank and bed in abend (psf)
t s = Maximum bed shear stressin adjacent straight reach (psf)
Ky, = bend coefficient (dimensionless)
and: Ky, = 2.4 "0852R) (dternatively, K, can be determined from
Figure H-3)
where: R. = radius of curvature of bend (ft)
b = bottom width of channd at bend (ft)

The maximum bed/bank shear stressiis primarily focused on the bank and bed on the
outside portion of the bend (Figure H-3).

Andysis of the verticd didtribution of shear stress on banksin bendsis not well defined.
Secondary currents found in bends complicate shear andysisin these regions. Equation (8)
can be used as arough estimate of shear distribution on banksin bends, but it does not
account for secondary currents. It is recommended that vertical shear distribution in bends
be estimated by usng Equation (8), judgment based on the severity of the bend and the
degree of expected super-€devation of the water surface around the bend. Super-elevation
of the water surface around a bend can be estimated as described in the following

paragraph.

The water surface eevation increases around the outside of bends as the channel banks
exert centrifugd forces on the flow. This super-eevation can be estimated using the
following equation (USDQOT, 1988):



Dy =V*W/(gR) (11)

where: Dy = super-elevation of water surface (ft)
V = average velocity of flow (ft/s)
W = channel top width (ft)
g = acceleration due to gravity (32.2 ft/S)
R. = radius of curvature of bend (ft)

1.3 Scour

Theimportance of scour in the creation of fish habitat is discussed in Chapter 2. This gppendix
summarizes calculation methods to predict the depths of scour at embankments and instream Structures.
Accurate prediction of scour depth is invaluable when designing stream bank toes, cross-channd
structures such as check dams, and anchoring systems. In addition, the calculation of scour depth
dlows the designer to predict the effectiveness of instream structures intended to induce scour.

Most of the scour equations presented here were developed to predict hydraulics phenomenon
associated with man-made structures, such as bridges, located within rdatively large, often sand-bed,
sreams. In genera, equations predicting scour in streambeds consgting of gravel and larger materid
are not consdered as reliable as the more widely used equations based on homogeneous fine grained
sand substrate. Because of the lack of widely-used scour equations developed specificaly for use on
grave-bed streams, the equations developed for sand-bed streams are presented in this appendix aong
with methods of modification and interpretation that alow their gpplication to gravel-bed streamswith
larger bed materid.

1.3.1 Calculating Potential Depth of Scour

Anticipating the maximum scour depth a aSteis criticd to the design of a bark treatments and
structures by defining the type and depth of foundation needed. Scour depth is also useful when
designing anchoring systems or estimating the depths of scour pools adjacent to in-channd structures.
Determining the maximum depth of scour is accomplished by:

1. Scour depth calculations should be based on information derived from a complete hydrologic and
hydraulic evauation of the stream.

Identifying the type(s) of scour expected.(see next section, Types of Scour).
3. Cdculaing the depth for each type of scour.

4. Accounting for the cumulative effects of each type of scour (If more than one type of scour is
present, the effects of the scour types are additive)

5. Reviewing the caculated scour depth for accuracy based on:  experience from similar streams;
conditions noted during the fidd vigt; and an underganding of the caculations.



1.3.2 Types of Scour

Because scour equations are type-pecific, the first step in determining the potentia depth of scour isto
identify the types of scour that occur at the project Site. For instance, an equation for calculating Local
Scour will give an incorrect depth if gpplied to asite affected only by Constriction Scour.

Five types of scour are defined in Chapter 2: Bend Scour, Local Scour, Constriction Scour,
Drop/Weir Scour, and Jet Scour.

Placeholder — include definitions of scour, from |SPG

All of the scour equations presented are empirical. Empirical equations are based on repetitious
experiments or measurementsin the field, and therefore, can be biased towards a specific type of
stream from which the measurements were made. In generd, however, empirica equations are
developed with the intention to error on the conservative sde if gpplied correctly.

The scour equations may distinguish between live-bed and clear-water conditions. These categories
refer to the sediment loading during the design event. Live-bed conditions exis when stream flow is
trangporting sediment at or near its capacity to do so. Under such conditions, erosion is somewhat
offset by deposition, as stream flow needs to “drop” sediment in order to “pick up” new sediment.
Clear-water conditions exist when stream flow is trangporting sediment at arate thet isfar below its
capacity to do so. Such conditions often occur downstream of dams or sediment detention basins.
Because clear-water stream flow is“sediment starved,” has the capacity to entrain and transport
sediment without associated deposition. Accordingly, clear-water conditions usualy produce deeper
scour depths than live-bed conditions.

1.3.2.1 Local Scour

Research on scour has focused on loca scour at bridge piers and abutments. If the geometry of an
obstruction, such as a boulder or rootwad, can be equated to the geometry of a pier, then pier scour
equations are gpplicable. If the location and shape of the obstruction more closdly resembles a bridge
abutment rather than a pier, then scour equations for bridge abutments should be used. Obstructions
that resemble bridge abutments include woody debris ingdlations, or smilar sructures, that are
attached directly to the streambank. Equations for estimating pier and abutment scour are presented
below.

1.3.2.1.1 Estimating Pier Scour

Numerous equations are available for predicting scour depths near piers. In genera, these equetions
have been devel oped for sand-bed rivers. However, when applied to streams with larger size bed
materid (i.e., gravel-bed streams), these equations will tend to give conservative results. The likelihood



of the scour depths predicted by these equations being actualized is probabilistic. Predicted depth of
scour may not be entirely achieved, may take quite along time to occur, or may occur during the first
large flood.

The pier scour equation presented bel ow includes an adjustment for bed materias that have a Ds, of 6
cm or larger, and thus is gpplicable to gravel-bed streams.  Judgment should be used to adjust the
caculated value as appropriate based on observed stream conditions. In addition, the results of
Equation (24) can be used to double-check the results of the pier scour analyss.

When using apier scour equation to estimate scour near an obstruction, the obstruction must be
represented asapier. For ingtance, a boulder may be represented in the equation by acylindrical pier
of equd diameter. A log or rootwad may be represented as around or square-nosed pier of the
appropriate length. Note that the pier scour equations assume that the pier extends upwards beyond
the water surface. When pier scour depth is calculated for obstructions that do not extend to the water
surface (under the analyzed flow), the resulting scour depth should be reduced dightly, according to the
judgment of the engineer.

One of the more commonly applied and referenced pier scour equationsisthe CSU (Colorado State
University) equation presented below (USDOT, 1995b). The CSU Equation does not differentiate
between live-bed and clear-water scour, and is recommended for the analysis of both conditions
(USDQT, 1995b). In addition, the CSU Equation includes a correction factor (K 4) to adjust for bed
materias of Ds, greater than or equa to 6 cm.

CSU Equation for piers

d/y1=20K; K, K3Ky (b/y1)0'65 043 W

where: d = maximum depth of scour below local streambed eevation (m)
y1 = flow depth directly upstream of the pier (m)
b = pier width (m) (Figure H-4)
Fr = Froude number: V / (gy)*®  (dimensionless)

Where: V = vdocity of flow gpproaching the abutment (m/s)
g = accdleration due to gravity (9.81 n/s?)
y = flow depth at pier (m)
K through K, are as defined below
Note that for the specia case of round-nosed piers digned with the flow:

d £ 2.4 timesthe pier width for Fr £ 0.8
d £ 3.0 timesthe pier width for Fr > 0.8



K1 = Correction factor for pier nose shape:

For approach flow angle of attack > 5 degrees, K, = 1.0 (Figure H-4)
For approach flow angle of attack £ 5 degrees:

square nose K:;=11
round nose K:=1.0
circular cylinder K:=1.0
group of cylinders K:=10
sharp nose K:=0.9

K = Correction factor for angle of atack of flow
K, =(Cosq+L/bSnqg)*®

K = correction factor from Table H-3

L = length of the pier which is being directly subjected to impinging flow & the
angle of attack (m) (Figure H-4)

g = flow angle of attack to pier (in degrees)

where

Maximum L/b =12

TableH-3. K, vs. L/b

q | Lb=4[Lb=8]Lb=12
0 1 1 1

15 15 2 25
30 2 2.8 35
45 23 33 43
90 25 3.9 5

K 3 = Correction factor for bed conditions, based on dune height, where dunes are repesting hills

formed from moving sand across the channe bed.

TableH-4. K3 based on bed conditions

Bed Conditions Dune height Ks
(m)
clear water scour N/A 11
plane bed & antidune flow N/A 1.1
smdl dunes 0.6t03 11
medium dunes 3t09 11tol.2
large dunes B 1.3




For gravel-bed rivers, the recommended vaue of K3is 1.1
K4 = Correction factor for armoring of bed materia (scour decreases with armoring)
Ksrange=0.7t01.0
K4 =1.0, for Dsg <0.06 m, or for V, > 1.0
K,s=[1-0.89(1-V,)*]°° forDs3 0.06m,
where:

Vr = (V - V,)/ (cho - V,)
V; = 0.645 (Dso/b)*%*® V59
V.=6.19y,"* D}

and:

V = gpproach flow velocity (m/s)

V. = veocity ratio

V; = approach velocity when particles a a pier begin to move (m/s)
Vo0 = critica velocity for D90 bed materid size (m/s)

V50 = critica velocity for D50 bed materid sze (m/s)

g = accdleration due to gravity (9.81 n/s?)

D. = critical particle Szefor the criticd veocity, V. (m)

y: = flow depth directly upstream of the pier (m)

1.3.2.1.2 Top Width of Scour Hole at Pier

USDOT (1995b) recommends using 2 times the scour depth as a reasonable estimate of scour hole top
width in cohesionless materias such as sands and gravels. Scour hole top width is measured from the
edge of the pier to the outside edge of the adjacent scour hole.

1.3.2.1.3 Estimating Scour at Abutments

Like pier scour equations, abutment scour equations have generaly been developed for sand-bed
rivers. When applied to streams with larger size bed materid (i.e., gravel-bed streams), these equations
will tend to give conservative results. The scour depths predicted by these equations may not occur, or
may take quite along time to occur, on gravel-bed streams. AsUSDOT (1990) reports. “reliable
knowledge of how to predict the decrease in scour hole depth when there are large particlesin the bed
materid islacking.” Nonetheless, the equations that are available work for sand-bed rivers, and their
results, yield a conservative estimate for scour depth on gravel-bed streams. As aways, judgment



should be used to adjust the calculated val ue as needed based on observed stream conditions. On
coarse-grained streams, thiswill usualy mean reducing the caculated value somewhat. The results of
Equation (24) can be used to double-check the results of the abutment scour analyss.

The Froehlich Equation (USDOT, 1995b) presented below can be used to estimate scour at an
abutment or abutment-like structure. Severd variables are included in the equation to describe
parameters such as the abutment shape, angle with respect to flow, and autment length norma to the
flow direction. When using this equation to calculate scour for a structure such as alog jam, these
parameters should be used, dong with good judgment, to describe the structure as best as possible.
Note that the abutment scour equation assumes that the abutment extends upwards beyond the water
surface. When abutment scour depth is calculated for obstructions that do not extend to the water
surface (under the analyzed flow), the resulting scour depth should be reduced dightly, according to the
judgment of the engineser.

Froehlich Equation for Live Bed Scour at Abutments

d/y=227K; Ko (L'/y)*® Fr* + 1.0 (13)

where:
d = maximum depth of scour below loca streambed eevation (m)
y = flow depth at abutment (m)
K1 = Caorrection factor for abutment shape
vertica abutment = 1.0
vertica abutment with wing walls = 0.82
spill through abutment = 0.55
K, = Correction factor for angle of embankment to flow = (¢ / 90 )***

where q = angle between channd bank and abutment
g is> 90 degrees if embankment points upsiream
g is< 90 degrees if embankment points downstream

L’ = length of abutment projected normd to flow (m)
L'=Aly
Where: A = flow area of approach cross section obstructed by the embankment ()

Fr = Froude number of flow upstream of abutment

=V/@gy**
where: V = veocity of flow gpproaching the abutment (m/s)

g = accdleration due to gravity (9.81 m/s)

1.0 isadded as a safety factor.



1.3.2.1.4 Clear-Water Scour at an Abutment

USDOT (1995b) recommends using the live-bed equation presented above to calculate clear-water
scour.

1.3.2.2 Bend Scour

Scour occurs on the outside of channel bends due to spiraing flow as described in Chapter 2. Bend
scour removes materias from the bank toe, precipitating general bank eroson or massfailure.

1.3.2.2.1 Quick Methods

Bend scour can be quickly estimated using the following two methods. Field observation/messurement
of scour at established bends can yield a quick indication of the magnitude of scour to be expected if
correlated to the flows that produced the scour. A first estimate can also be obtained by assuming the
scour in any given bend to be about equd to the flow depth found immediately upstream and
downstream of the bend (Hoffmans and Verhej, 1997). This estimate will be somewhat conservative
for mild bends.

1.3.2.2.2 Calculation Methods

Research on scour in bends has produced severa empirica equations. Below are three such methods
by Thorne, Maynord and Wattanabe. When used with professiond engineering judgement, these
equations should produce reasonable estimates of bend scour. Please pay particular attention to the
notes related to each method and select amethod for design based on the appropriateness for the given
conditions.

Thorne Equation

Hoffmans and Verhej (1997) presented the following equation developed by Thorne based on flume
and large river experiments. The mean bed particle Sze varied from 0.3 to 63 mm. Thisequationis
gpplicable to gravel-bed streams. Metric or English units may be used.

dly; = 1.07 —log(R/W —2) for 2<R/W <22 19

where: d = maximum depth of scour below loca streambed devation (m or ft)
y; = average flow depth directly upstream of the bend (m or ft)
W = width of flow

R. = channd radius of curvature at channel centerline (m or ft)

The width of flow in Equation (14) corresponds to the width of active flow. Thiswidth is subject to



engineering judgement, however, thiswidth often corresponds to the bankfull top width for streams that
are flowing near or above bankfull stage.

Maynord Equation

Maynord (1996) reviewed bend scour estimates for natural, sand-bed channels. Maynord (1996)
presented one bend scour equation by Wattanabe and a second method by S. Maynord. The
Maynord and Wattanabe equations are listed below. These equations are useful for predicting scour
depths on sand-bed streams and for determining conservative scour depths (for comparison to other
methods) on streams with coarser bed materials.

Diny/Dy = 1.8 - 0.051 (RyW) + 0.0084 (W/D,) (15)

where Dy = maximum water depth in bend
D, = mean channd depth at upstream crossing (area/\W)
R. = centerline radius of bend
W = width of flow at upstream end of bend

Notes:
Equation 15 was developed from measured data on 215 sand-bed channels.
The datawere biases for flow events of 1-5 yr return intervas.
Equation will not gpply when higher return intervals occur that cause overbank flow exceeding 20%
of channel depth.
There is no safety factor incorporated into this equation- thisis the mean scour depth based on the
Stes measured.
A safety factor of 1.08 is recommended by Maynord.
Theeguationislimitedto. 1.5 >RJ/W >10 (use R/W = 1.5 when < 1.5),
and limited to: 20 <W/D,, <125 (use W/D,, = 20 when < 20).
English or metric units may be used
The width of flow in Equation 15 corresponds to the width of active flow. Thiswidth is subject to
engineering judgement. However, this width often corresponds to the bankfull top width for streams
that are flowing near or above bankfull stage.

Wattanabe Equation

d/D=a +b (W/R) (16)

where: a =0.361 X?- 0.0224X - 0.0394
X = logy (WS’?/D)
S = bed dope;
ds = scour depth below maximum depth in unprotected bank;
W = channel top width (water surface width)



D = mean channd depth (area/ W);

b =2/(p 1.226 (UG ) - 1.584) X)

f = Darcy friction factor

x=1/[15f {(L.1UC )- 142} sins +coss |

s =tan’ [ 1.5f ((1.12/CF ) - 1.42)] = Darcy friction factor = 64/Re

where Re = Reynolds number

Notes:
Reaults corrdate well with Missssppi River data and under predicted Thorne and Abt data
(1993) by about 25%.
Limits of gpplication are unknown.
A safety factor of 1.2 is recommended with this method.
English or metric units may be used

1.3.2.3 Constriction Scour

Condtriction Scour equations were primarily developed from flume tests with the condtriction resulting
from bridge abutments. However, these equations apply equally well to natura condrictions or
congtrictions caused by ingtalation of insiream structures such as groins.

1.3.2.3.1 Live-bed constriction scour

The fallowing eguation for live-bed constriction scour was developed primarily for sand-bed streams.
Its application to gravel-bed streams is useful in two ways:

1. it provides a conservative estimate of scour depth

2. it can, by extrgpolation of the datain Figure H-5, provide scour depth estimates for streams with
gravel-sized bed materids.

Coarse sediments in the bed may limit live-bed scour. When coarse sediments are present, it is
recommended that scour depths, under live-bed and clear-water conditions, (See next section) be
calculated and that the smaller of the two calculated scour depths be used. As dways, judgment should
be used to adjust the caculated vaue as appropriate based on experience and observed stream
conditions. On coarse-grained streams, thiswill usualy mean reducing the calculated vaue somewhat.

Laursen Equation for Live-Bed Conditions (USDOT, 1995b)

Y2/ 1= (Q2IQu)** (Wo/Wo)*, d =y - Yo (17

where:



d = average depth of congtriction scour (m)

Yo = average depth of flow in congtricted reach without scour (m)

y1 = average depth of flow in upstream main channd (m)

Yy, = average depth of flow in condricted reach after scour (m)

Q, = flow in congtricted channel section (n7/9)

Q: = flow (/) in upstream main channel (disregard floodplain flow)
W, = channd bottom width a upstream cross section (m)

W, = channd bottom width in condricted reach (m)

A = exponent from Table H-5 below

Table H-5. Exponent “A” based on U-/w

U-/w A Mode of Bed Material
Trangport
<05 | 059 Mostly bed load
05t0 | 0.64 Mostly suspended load
2.0
> 2.0 0.69 Mostly suspended load

w = fal velocity (mVs) of bed materia based on Ds, (see Figure H-5)
U- = shear velocity = (g y1 S9°° (m/s)

where. g = acceleration due to gravity (9.81 mVsY)
S. = dope of energy grade line in main channd

Notes:

1. Aspresented here, this equation assumes that al stream flow passes through the condtricted reach.

2. Inreview, coarse sedimentsin the bed may limit live-bed scour. When coarse sediments are
present, it is recommended that scour depths under live-bed and clear-water conditions (see

following equation) both be caculated and that the smdller of the two calculated scour depths be
used.

1.3.2.3.2 Clear-water conditions

The following equation calculates congtriction scour under clear-water conditions. Unlike the live-bed
equation presented above, this equation makes alowance for coarse bed materids.

Laursen Equation for Clear-Water Conditions (USDOT, 1995b)




Yo = { 0.025 sz/[ Dmo'67 sz]} 0'43, d= Y2 - Yo (18)

where: d = average depth of congtriction scour (m)
Yo = average depth of flow in congricted reach without scour (m)
y» = average depth of flow in condricted reach after scour (m)
Q, =flow in congtricted channel section (n7/9)
m= 1.25Ds, = assumed diameter of smallest non-transportable particle in the bed materid in
the congtricted reach (m)
W, = channd bottom width in congtricted reach (m)

1.3.2.4 Drop/Weir Scour

Two eguations are presented here for estimating scour depths for aflow pouring over aweir, step pool,
grade control structure, or drop structure.  Figure H- 6 showsthe typical configuration of such
structures. The equations were developed to estimate scour immediately downstream of vertical drop
sructures and doping slis.

True verticd drop structures typicaly include weirs and check dams congtructed of materids able to
maintain sharp, well-defined crests over which streamflow spills. Check dams and weirs constructed of
logs and tightly constructed rock can create hydraulic conditions associated with vertica drop
structures. Structures constructed of loose rock usually form adoping sll.

Equation (19) is recommended for predicting scour depth immediately downstream of avertica drop
dructure and for determining a conservative estimate of scour depth for doping slls (USDOT, 19954).
Equation (20) specifically addressed doping sills congtructed of rock. When designing check dams,
welrs, grade controls, and amilar structures, it is recommended that the designer utilize these equations
as gpplicable (usng professond judgment) to estimate expected scour depth immediately downstream
of the structure.

U.S. Bureau of Reclamation Equation — Vertica Drop Structure (USDQOT, 1995a)

ds — K Ht0.225q0.54 - dm (19)
where: ds = loca scour depth (below unscoured bed level) immediately downstream of vertica
drop (m)

q = discharge per unit width (n/s'm)

H, = totd drop in head, measured from the upstream to downstream energy grade line
(m)

On, = tailwater depth immediately downstream of scour hole (m)

K=1.9



The depth of scour caculated in Equation (19) isindependent of bed materid grain sze. If the bed
contains large or resistant materias, it may take years or decades for scour to reach the depth
cdculated in Equation (19). Alternatively, less durable bed materids and/or large flow events may lead
to very rapid scour.

Laursen and Flick Equation — Soping Sill (Laursen and Hick, 1983)

ds={ [ 4 (yo/Ds0)* =~ 3 (Rsofye)" "] Ye } - tm (20)

where:

ds = locd scour depth (below unscoured bed level) immediately downstream of vertica
drop (m or ft)

y. = critical depth of flow (m or ft)

Dso = median grain Sze of materia being scoured (m or ft)

Rso = median grain size of stone that makes up the grade control, weir, or check dam (m
or ft)

dn, = tallwater depth immediately downstream of scour hole (m or ft)

Equation (20) predicts scour depth at the base of adoping sl with dope of 1.4 (H:V). Thisequation
can be used to estimate scour at the base of a short riffle, or smilar ramp-like structure.

1.3.2.5 Jet Scour

Although jet scour is a phenomenon associated with streams, it is not typicaly a component of
streambank or instream structure design. In specid cases where jet scour may be desirable or
unavoidable, andysisis necessary, S0 the designer should consult a hydraulic desgn manud such as
Simons & Senturck (1992) for guidance. Please refer to the Recommend Reading section of this

agopendix.
1.3.3 Check Method - Bureau of Reclamation Method

A method developed by the Bureau of Reclamation provides a multi- purpose approach for estimating
depths of scour due to bends, piers, grade control structures, and vertical rock banks or walls (B.O.R.,
1984). The method is usualy not as conservative and possibly not as accurate as the individua methods
presented above. Passages from the introduction by Pemberton and Laraon channd scour are
included here.

“The design of any Structure located ether along the riverbank and floodplain or across
achannd requires ariver study to determine the response of the riverbed and banks to
large floods. Knowledge of fluvid morphology combined with fidld experienceis
important in both the collection of adequate field data and selection of appropriate
gudiesfor predicting the eroson potentid.



It should be recognized that many equations are empirically developed from
experimentd sudies. Some are regime-type based on practica conditions and
consderable experience and judgment. Because of the complexity of scouring action, it
isdifficult to prescribe a direct procedure. Reclamation practice isto compute scour by
severad methods and utilize judgment in averaging the results or selection of the most
applicable procedures.”

1.3.3.1 Reqgime Equations Supported by Field Measurements Method

The Bureau of Reclamation method computes an “average’ scour depth by gpplying a systematic
adjustment (Step 2) to the results of three regime equations: the Neil Equation, amodified Lacey
equation, and the Blench equation (Step 1).

STEP1

Neil Equation

Obtain field measurements on an incised reach (one which does not flow overbank except a very high
discharge) of the river from which bankfull discharge and hydraulics can be caculated.

Note: Units are metric or English
Ys = Yoi (Clui/0i)™ (21)
where:

ys = scoured depth below design flow levd in incised reach, which is adjusted in Step 2 to yield
predicted scour depths (ft or m);

yui = average bankfull flow depth in incised reach (ft or m);

Qg = design flow discharge per unit width in incised reach (cfs/ft or n/gm);

Qyi = bankfull flow discharge per unit width in incised reach(cfs/ft or mé/s/m):;

m = exponent varying from 0.67 for sand to 0.85 for coarse gravel.

Modified Lacey Equation

The Lacey equation was modified with the Blench method of zero bed-sediment transport. Anincised
reach is not required for this application.

Note: Unitsare metric or English



yL = 0.47 (QIf)** (22)
where:
Y. = mean depth a design discharge (ft or m);
Q = design discharge (cfs or nv/9);
f = Lacey’ssilt factor = 1.76 Dsy>°
where Dg isin millimeters
Dso = mean grain Sze of bed materid (must be in mm)
Blench Equation
For zero bed factor (clear water scour)
Note: Units are metric or English
Yo = Ga”® / oo™ (23)
where: Ys = depth for zero bed sediment transport (ft or m)
0q = design flow discherge per unit width (cfs or n/m)
Fuo = Blench’s zero bed factor, from Figure H-7 (ft/s” or m/s?)

STEP?2

Adjusmentsto Neil, Modified Lacey, and Blench Results

dN = KN YN (24)

d. =K.y

ds = Kg Vs

where:

dy, di, ds = depth of scour from Nell, Modified Lacey, and Blench equations respectively;

Kn, K, Kg = adjusment coefficients for Nell, Modified Lacey, and Blench eguations as shown in
Table H-6.

Table H-6. Adjustment coefficients based on channd conditions

Condition Nelll - Ky | Lacey - K, Blench -




Bend Scour
Straight reach (wandering thalweg) 0.5 0.25 0.6
Moderate bend 0.6 0.5 0.6
Severe bend 0.7 0.75 0.6
Right angle bend 1.0
Vertica rock bank or wall 1.25
Nose of piers 1.0 05t01.0
Smdl dam or grade control across river 0.4t00.7 15 0.75t0 1.25

1.4 Recommend Reading

The following text are recommended reading for those interested in learning the fundamenta's of
hydraulic andyss

Chaudhry, M.H. 1993. Open-channe flow. Prentice Hal, Inc., New Jersey. 483 p.
Chow, V.T. 1959. Open-channd hydraulics. McGraw-Hill Inc., New York. 680 p.
USDA. 1998. Need reference
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